The annual cycle of the net mass transport across the extratropical tropopause is examined.
.
Because
of the lack of global tropopause analyses the globalscale effects of these variations have only been roughly estimated.
In this paper the contributions of the seasonal variations of the mass of the lowermost stratosphere and of the global-scale meridional circulation in the stratosphere to the variations in net mass transport across the extratropical tropopause will be explored.
Model for Net Mass Transport
The simple model used is shown in Figure 1 d
where Fin and Fou t are both defined to be negative for downward directed mass fluxes.
In this model any two-way transport (F h) between the tropophere and the lowermost stratosphere that is characterized by a zero net mass transport across the tropopause is not included.
Assuming that M and Fin can be calculated from "observed" data, equation
(1) provides a simple way to estimate the net mass flux Fout across the tropopause, without doing any flux calculation at the tropopause itself.
Mass of Lowermost stratosphere
The mass of the lowermost stratosphere is given by
where g is gravity, _, is longitude, 0 is latitude, p is pressure, and P1 (Z, 0) and P2 (Z, 0) represent the pressures on the lower and upper boundary surfaces, respectively. The former is taken to be the 2 PVU potential vorticity surface (1 PVU = 10-6 K m 2 s -1 kg-1), while the latter is taken to be the 0 = 380 K isentrope [Hoskins, 1991; Reid and Gage, 1981; Hoskins et al., 1985; Holton, et al., 1995] . The global tropopause is therefore defined by a combination of a potential vorticity and a potential temperature surface.
The sensitivity of the calculation to the chosen PV and 0 value is discussed below. disturbances, such as cutoff systems and stratospheric intru- Hoskins et al., 1985; Appenzeller et al., 1996] .
The monthly mean positions of the tropopause and the 380 K isentrope based on zonal mean daily data are shown in Figure 3 for January and July 1993. In the tropical region the pressure of the 380 K isentrope appears to be relatively constant with a typical value around 100 hPa and an annual variation of less than 10 hPa ( Figure  4a ). In the extratropical In the northern hemisphere the tropopause moves upward and poleward during the transition from winter to summer ( Figure  3, Figure 4b ).
In Figure 4b ). Note that at any given time or location the position of the tropopause may differ substantially from the seasonal meridional mean.
To incorporate this variability and to avoid any bias due to the averaging procedure, the mass variation of the stratospheric middle world was calculated from equation (2) using daily global data.
The calculated mass of the lowermost stratosphere has a distinct seasonal cycle (Figure 5a ). For the northern hemisphere a maximum occurs in midwinter and a minimum in late summer, whereas the corresponding seasonal variation for the southern hemisphere is much weaker in amplitude. Some higher frequency variations were also found.
For the northern hemisphere their amplitudes are an order of magnitude smaller than the amplitude of the annual variation.
The mass of the stratospheric overworld ( Figure  5b -, -,-,-,-,-,-,-,  -,-,-, -,] 6.0 --, --,--, --, --,--, boundary ofthelowermost stratosphere. Although theactual total mass values differ, themass fluxes show onlyavery weak sensitivity to thechoice of control surfaces. Thisindicates thattheabove described seasonal variations andtheirasymmetry between thetwohemispheres arequite robust and should also befound using higher-resolution data. In thenorthern hemisphere theannual mass variation is 0.6 × 1017 kg for the total stratosphere (i.e,~I0 % of the mass of the stratosphere) and~0.75 x 1017 kg for the lowermost stratosphere (i.e.,~30 % of the mass of the lowermost stratosphere). The mass variation of the total stratosphere can be used to estimate the minimal annual mass transport across the tropopause. The value given above is of the same order of magnitude as suggested in earlier studies and is about 60% of that found by Robinson [1980] , who used a crude estimate based on the jet displacement alone.
Mass Transport Across Upper Boundary
To calculate the mass flux Fin across the upper boundary of the lowermost stratosphere, the mass flux across the 380 K isentrope due to the global-scale meridional circulation was estimated.
In isentropic coordinates the vertical velocity is directly
given by the net diabatic heating rate Q. The zonal mean mass flux rate can then be approximated by [Tung, 1982; Pawson and Harwood, 1989] F°= cos(0) _ 0 (3) on an isobaric surface with the same annual mean net mass flux.
In the southern hemisphere the amplitude evaluated on an isentropic surface is much closer to that evaluated on an isobaric surface (Figure 7, dashed with the idea that the annual cycle in zonal momentum forcing in the stratosphere controls the downward mass flux into the lowermost stratosphere [Rosenlof, 1995; Holton et al., 1995] .
The amplitude of the seasonal cycle of Fin is much weaker when evaluated on an isentropic surface than when evaluated "  I  "  I  "  I  "  I  "  I  "  I  "  I  "  I  "  I  "  I  "  I  "  I   a) •. ,. , % •.
- face is shown in Figure 7b (solid curve). It hasa negligible seasonal cyclein comparison to theoneacross a pressure surface (dashed curve). Thetotal annual mean net downward mass fluxes aresummarized inTable 1. it is important tobear inmind that these estimates aresubject tosubstantial uncertainties. Inthelower stratosphere thenetradiative heating rates area small residual of several large terms andthere exists nophysically based method to correct theheating rates to achieve global mass balance [Shine, 1989] . Anestimate of theuncertainty inthe corresponding mass fluxrates canbegained bycomparing the annual mean net downward mass flux as given in Table I Figure 8b ) the seasonal cycle was much weaker. The mass transport has a maximum in midwinter and is dominated by the mass flux across the 380 K surface.
Conclusion
The global-scale meridional circulation and the mass variation of the stratosphere have been analyzed to estimate the net mass transport across the tropopause. The mass calculations and the tropopause analyses were based on the atmosphere's potential temperature and potential vorticity The values represent averages over two years (1992 -1993) .
The values in column 3 are taken from Yang and Tung [1996] and are averaged over 3 years (1992 -1994 
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-5. global scale meridional circulation was approximated byradiativelyderived residual velocities, which were calculated based onUARS constituent measurements. The maximum downward massflux across the upperboundary of the lowermost stratosphere (the380K isentrope) occurs during thewinter season, andtheminimum fluxoccurs in earlysummer. This cycle has a similar phase butweaker amplitude than theannual cyclein thedownward mass flux computed for a nearby pressure surface.
According tooursimple model shown in Figure 1it is the combined effects oftheseasonal variation of theglobal-scale meridional circulation andtheseasonal variation of themass of thelowermost stratosphere thatdetermine thenetmass transport across thetropopause intothetroposphere. Forthe northern hemisphere thisfluxshows a late-spring maximum andanautumn minimum. In thesouthern hemisphere the corresponding annual variation is dominated bythemass flux across theupper boundary of thelowermost stratosphere. The annual variation anditsmagnitude compare well (Figure 8a ) witha northern hemisphere estimate based onrepresentative 9°Sr mixing ratios [Danielsen and Mohnen, 1977, equation (1)]. The mass transport cannot be directly interpreted in terms of tracer fluxes: but it can be anticipated that tracer inputs into the troposphere will be strongly correlated with the observed variations in the net mass transport.
